The surface impedance is defined to give the ratio between horizontal geoelectric and geomagnetic variation fields at the earth's surface in the frequency domain. Studying the properties of the surface impedance enables conclusions about the corresponding relation between the surface electric and magnetic variation fields in the time domain. In particular, it is possible to perform an investigation about assumptions that lead to a proportionality between the geoelectric field and the time derivative of the geomagnetic field and about situations that make the electric field and the variations of the magnetic field proportional. The results are directly applicable to the research of geomagnetically induced currents (GIC) driven by the geoelectric field in technological networks at the earth's surface. Thus, the main objective of this paper is not in traditional magnetotellurics but in studies of ground effects of space weather. We use a two-layer earth model, which is simple enough to have a precise analytic formula for the surface impedance. It is shown in this paper that a poorly-conducting upper layer above a highly-conducting bottom is favourable to the electric field (and GIC) being proportional to the magnetic time derivative at the earth's surface whereas a thin highly-conducting upper layer above a less-conducting bottom results in a surface electric field (and GIC) proportional to magnetic variations.
Introduction
At the earth's surface space weather, which is controlled by solar activity, manifests itself as geomagnetically induced currents (GIC) in technological networks, such as electric power transmission grids, oil and gas pipelines, telecommunication cables and railway equipment (e.g. Boteler et al., 1998) . In general, GIC are a possible source of problems in the particular system. In power networks, this is due to saturation of transformers (e.g. Kappenman, 2007) . GIC are driven by the horizontal geoelectric field induced by a time variation of the geomagnetic field at the earth's surface. So physically, the generation of GIC is governed by Faraday's and Ohm's laws. Since the geoelectric field is the key quantity for GIC, research efforts need to be focussed on understanding the behaviour of the geoelectric field and on its determination techniques. The production of GIC by the geoelectric field is (approximately) a dc process, which means that GIC follow the time variations of the electric field. Thus, the issues discussed in this paper about the behaviour of the electric field are directly applicable to GIC as well. Consequently, the principal objective of this paper is related to the research of GIC, i.e. ground effects of space weather, and not to traditional magnetotelluric and geoelectromagnetic induction studies performed intensively for several decades. In other words, this paper attempts to fill the gap between the space weather and magnetotelluric communities.
Since the geoelectric field is induced by a geomagnetic variation, it is natural that the electric field is related to the time derivative of the magnetic field. The first guess is that these two quantities would be proportional. However, the geoelectromagnetic field is produced by primary currents in the ionosphere and magnetosphere and by secondary currents and charges induced in the conducting earth as described by Maxwell's equations and boundary conditions. The result from this complicated process is that the dependence of the electric field on the magnetic time derivative is generally not a simple proportionality. Even in the most simple case modelled by vertically propagating plane waves and a uniform half-space earth, the electric field at a given time is obtained from an integral including all past values of the time derivative of the magnetic field (Cagniard, 1953; Pirjola, 1982) . Boteler (2006, 2007) present an example from Canada in which GIC resembles the geomagnetic variation and another example also from Canada in which a correspondence between GIC and the magnetic time derivative exists. Watari et al. (2009) demonstrate that in recordings in the Japanese power network GIC show a high correlation with the geomagnetic variation field rather than with the magnetic time derivative. In this paper, we perform a theoretical study of the relation between the surface elec-tric and magnetic variation fields and look for conditions concerning the conductivity structure of the earth that determine whether the electric field has a close connection to the magnetic variation or to the magnetic time derivative.
The study is made by considering the surface impedance, which is defined as the transfer function between the geoelectric and geomagnetic variation fields at the earth's surface (e.g. Kaufman and Keller, 1981) . In order to keep the equations tractable, we assume that the earth, which is described by a half-space, only has two layers, i.e. an upper layer above an infinite bottom. This is naturally an idealisation but allows us to derive features important for the relation between the electric and magnetic fields and particular useful for basic GIC research. Another assumption is that we have the "plane wave case", which is satisfied for a primary field that is a vertically downward propagating plane wave. In practice, this assumption may lead to incorrect results only in high-latitude auroral regions. The concept of the surface impedance, or equivalently of the magnetotelluric response function, is very well-known and widely used in magnetotelluric investigations of the structure of the earth (e.g. Cagniard, 1953; Schmucker, 1970; Weidelt, 1972; Berdichevsky and Dmitriev, 1976; Szarka and Fischer, 1989; Weaver, 1994; Szarka, 1997 ; and many others). Pirjola et al. (2009) provide a review of the use of the surface impedance in connection with research of ground effects of space weather.
Surface Impedance
Choosing the standard Cartesian x yz coordinate system in which the earth's surface is the x y plane and the x, y and z axes point northwards, eastwards and downwards, the (scalar) surface impedance Z is defined by
where E y and B x are perpendicular horizontal electric and magnetic components at the earth's surface. To be precise, B x only refers to the magnetic variation field, i.e. not to the total geomagnetic field, which is a remark valid throughout this paper. The minus sign and the vacuum permeability µ 0 = 4π · 10 −7 V s A −1 m −1 , which gives the unit of 'ohm' [ ] to the surface impedance, are included in Eq. (1) for convenience. This formula can be regarded as a general definition independently of the domains (time, frequency, space, wavenumber) in which E y and B x are considered. Most commonly, however, the electric and magnetic components used in Eq. (1) are Fourier transforms in the frequency and wavenumber domains. Then E y and B x are generally complex-valued making Z complex, too. A recursive formula for the surface impedance in the frequency and wavenumber domains can be derived for a layered earth in a straightforward manner by using the electromagnetic continuity conditions at the layer boundaries (e.g. Wait, 1981, pp. 43-55) .
Assuming that the primary electromagnetic field is a plane wave propagating vertically and incident on a layered earth, both the secondary reflected field in the air and the fields in the earth layers also propagate vertically and no dependence on x or y exists. We now restrict the discussion to this "plane wave case" and assume that E y and B x are Fourier transformed from the time (t) to the angular frequency (ω) domain. Consequently, besides the earth's structure, the surface impedance only depends on the angular frequency ω. Thus, rewriting Eq. (1),
where the subscript 'p' refers to 'plane wave'. Denoting the time derivative of B x (t) by g(t) (= d B x (t)/dt) and using the relation g(ω) = iωB x (ω), Eq. (2) gives
Inverse Fourier transforming Eqs. (2) and (3) from ω to t, we obtain the relations between the electric and magnetic fields in the time domain, which are convolution integrals (see Pirjola et al., 2009) . Equation (2) 
Similarly from Eq. (3), if Z p is a linear function of ω E y (t) is proportional to g(t).
Let us now assume that the earth is composed of two layers, i.e. an upper layer with a thickness h above an infinite bottom. Denote the permeability, permittivity and conductivity of the upper layer by µ 1 , ε 1 and σ 1 , respectively. The corresponding parameters of the bottom are µ 2 , ε 2 and σ 2 . As shown e.g. by Pirjola (1982) , the surface impedance is then
where k 1 is the propagation constant of the upper layer, given below, and α 1 and α 2 are defined as follows:
and
The propagation constants k 1 and k 2 are given by
In practical geoelectromagnetic situations σ n is much larger than ωε n , and so
The application of Eq. (8) involves the neglect of displacement currents in the earth, which implies diffusion of the electromagnetic field, contrary to wave propagation that occurs in the upper half-space, the air. For simplicity, let us assume that µ 1 = µ 2 = µ 0 . Then
where
A few additional words are needed associated with the equations presented above. As indicated above, a formula for the surface impedance can be derived based on electromagnetic boundary conditions. Thus Eq. (4), which does not involve any approximations, is directly and easily obtained by considering upward and downward propagating plane waves in the media and by using boundary conditions at z = 0 and z = h. The two-layer case included in Eq. (4) has been discussed in magnetotelluric literature many times, even in the basic magnetotelluric paper by Cagniard (1953) . Generally, the reasonable approximations of formula (8) and of equal permeabilities are used in the equation for the surface impedance that corresponds to formula (4) (see e.g. Kaufman and Keller, 1981, equation (2.43) ; Szarka, 1997, equation (A.13) ). Equivalently to the surface impedance, the magnetotelluric response function c = c(ω) = Z p (ω)/(iωµ 0 ) can be used as well. Consequently, for example, equation (3.93) of Weaver (1994) is comparable to Eq. (4). It is worth noting that the magnetotelluric response function is sometimes known as the complex (skin) depth (Szarka and Fischer, 1989) . This is especially the case in connection with GIC studies (Boteler and Pirjola, 1998; Pirjola and Viljanen, 1998) . The surface impedance, the magnetotelluric response function and the complex skin depth can be regarded as mathematical concepts that help modelling studies and interpretation of data but, as presented by Szarka and Fischer (1989) , analyses of the real and imaginary parts of these quantities yield information about the locations of earth currents that are in phase or out of phase with respect to the surface magnetic variation.
Case 1: Poorly-Conducting Surface Layer Above Highly-Conducting Bottom
We assume that σ 2 σ 1 and h |1/k 1 |. The extreme situation that satisfies these assumptions is a perfect conductor underlying a non-conducting surface layer. Defining the skin depth δ n (n = 1, 2) as
and taking Eq. (8) into account, the latter assumption means that the skin depth of the upper layer is much larger than its thickness. The absolute value of the exponent in the function e −2ik 1 h is thus very small, and so the function can be approximated by 1 − 2ik 1 h Utilising the assumption σ 2 σ 1 and Eq. (8), we may consider |k 2 | much larger than |k 1 |. Consequently from Eq. (11),
leading, based on Eqs. (9) and (10), to
Substituting Eqs. (14) and (15) into formula (4) (with µ 1 = µ 0 ), we obtain
Thus Z p is a linear function of ω, and so E y (t) is proportional to g(t) (see Section 2). Equations (3) and (16) give (after an inverse Fourier transform to the time domain)
Equations (2) and (16) Weaver (1994) by the first term on its right-hand side.
In conclusion, if the earth is composed of a poorlyconducting upper layer above a highly-conducting bottom the horizontal electric field is proportional to the time derivative of the perpendicular horizontal magnetic field at the earth's surface. Pirjola and Viljanen (1989) discuss the extreme earth model by assuming that there is a nonconducting layer above a perfect conductor, and they show explicitly the proportionality between the electric field and the magnetic time derivative. In fact, their study does not refer to the plane wave case but they consider an ionospheric line current source, which makes the proportionality factor, as well as the electric field and the magnetic time derivative, vary from site to site at the earth's surface.
Equation (17) shows that an increase of the thickness h of the upper layer has an enhancing effect on the electric field. By noting that an increase of h means that the poorlyconducting part of the earth gets more "weight" the observation is in agreement with the fact that a more resistive earth is favourable to large geoelectric fields.
It is worth pointing out that Berdichevsky and Dmitriev (1976) already derived Eq. (16) in connection with analyses of magnetotelluric sounding curves. They considered a three-layer earth model in which the infinite bottom is perfectly-conducting, the middle layer is non-conducting and the surface layer has finite conductivity. When the period is large enough, i.e. ω small enough, the surface layer does not have much influence and we have a poor conductor above a highly-conducting bottom. This leads to Eq. (16) as seen in the asymptotic formula on page 175 of Berdichevsky and Dmitriev (1976) .
Case 2: Thin Highly-Conducting Surface Layer Above Poorly-Conducting Bottom
Let us assume now that σ 1 σ 2 and h |1/k 1 |. Note that, differently from Case 1 in Section 3, these assumptions are a little contradictory because the first assumption requires that the upper layer is highly conducting whereas the second assumption does not allow the conductivity of the upper layer be so high that the skin depth is reduced to be comparable with the thickness h. (This is the reason for inserting the word "thin" into the title of this section.) The assumption σ 1 σ 2 leads to |k 1 | |k 2 | (Eq. (8)), and so with the assumption h |1/k 1 | Eq. (11) yields
Thus Eqs. (9) and (10) give and
Substituting Eqs. (19) and (20) into formula (4) (with µ 1 = µ 0 ) and using Eq. (8) (with n = 1), we obtain
Thus Z p is independent of the angular frequency ω, and so E y (t) is proportional to B x (t) (see Section 2). Equations (2) and (21) give (after an inverse Fourier transform to the time domain)
Equations (2) and (21) demonstrate that, for the present earth model, −E y and B x do not have any phase shift in the frequency domain, which is a well-known result in magnetotellurics. Furthermore, it should be noted that Eq. (21) corresponds to the approximation of equation (3.95) of Weaver (1994) by the second term of its middle form.
In conclusion, if the earth is composed of a highlyconducting upper layer above a poorly-conducting bottom the time behaviour of the horizontal electric field follows that of the perpendicular horizontal magnetic variation at the earth's surface.
Equation (22) shows that an increase of the thickness h of the upper layer has a decreasing effect on the electric field. By noting that an increase of h means that the highlyconducting part of the earth gets more "weight" the observation is in agreement with the fact that a more conducting earth is not so favourable to large geoelectric fields.
Let us finally note that, similarly to Case 1 discussed in Section 3, Eq. (21) was also already derived by Berdichevsky and Dmitriev (1976) by considering their three-layer earth model. When the period is small enough, i.e. ω large enough, the surface layer does have an influence and we have a conducting layer above a poor conductor. This leads to Eq. (21) as seen in the asymptotic formula on page 175 of Berdichevsky and Dmitriev (1976) .
Numerical Examples
In this section we examine the validity of the approximations expressed by formulas (16) m −1 . These parameter choices refer to Case 2 (Section 4) but again at the larger frequencies considered the assumption h |1/k 1 | is not valid. Figure 3 contains the same information as Figs. 1 and 2 by presenting the absolute values (3(a)) and phase angles (3(b)) of the surface impedances. In Fig. 3(b) , we naturally only have the curves for the exact surface impedance Z p (4) because the phases of Z p (16) and Z p (21) are 90 degrees and zero, respectively. It can be noted that the curve labeled "|Z p (4)| (Fig. 2) " is the same as briefly analysed by Pirjola et al. (2009) . They emphasise the small variation of the absolute value of the surface impedance as an indication of the electric field to be roughly proportional to the magnetic field in this case. They, how- ever, do not consider the phase angle at all. The agreement between Z p (4) and Z p (16) presented in Fig. 1 is the best in the middle part of the frequency range considered. Similarly the agreement between Z p (4) and Z p (21) shown in Fig. 2 is also the best in the middle range. These conclusions are confirmed by Fig. 3 . The obvious reason for the discrepancies at the large frequencies is in the above-mentioned invalidity of the assumption h |1/k 1 |. But understanding the low-frequency behaviour constitutes a bigger problem. Looking at the derivations of Eqs. (16) and (21) more carefully, we notice that they utilise the approximations included in Eqs. (15) and (19) . Due to the approximation h |1/k 1 |, which is satisfied very well when ω is small, α 2 given by Eq. (15) and α 1 given by Eq. (19) are very small at the lowest frequencies. Thus the calculations presented in Sections 3 and 4 are not correct if terms larger than the particular value of α 2 or α 1 are dropped away during the approximations.
Consequently, let us consider the derivation of Eq. (15) more precisely. We obtain from Eqs. (10) and (11)
To get formula (15), we need to neglect the first term 2k 1 /(k 2 + k 1 ) and set (k 2 − k 1 )/(k 2 + k 1 ) equal to one in the second term. However, neglecting the term 2k 1 /(k 2 + k 1 ) is not acceptable if its absolute value is of the same order of (14) and (20) do not suffer from the same problem because the remaining term (≈2) is not too small. We now test the justification of this reasoning by considering unrealistically large conductivity contrasts between the upper layer and the bottom. −1 m −1 . These parameter choices refer to Case 2 (Section 4), and the assumption h |1/k 1 | is satisfied though again not well at the largest frequencies. 3 are shown to be correct. As mentioned in Section 1, studies by Watari et al. (2009) show a correlation of time variations of GIC with those of the geomagnetic field in Japan. The three-layer earth models mentioned by Watari et al. (2009) for the area of their research have the highest conductivity at the top. Thus based on Case 2 discussed in Section 4, the observed correlation between GIC and the magnetic field is understandable. Let us investigate the issue in greater detail. For our two-layer model we adopt the values h = 14 km, σ 1 = 2 · 10 −1 m −1 , which roughly approximate the numbers given by Watari et al. (2009) . Figure 7 depicts the real and imaginary parts of the exact surface impedance Z p (4) together with (the real part of) the approximate surface impedance Z p (21). Somewhat similarly to Fig. 2 , the exact surface impedance resembles the constant approximate surface impedance to some extent but the non-zero imaginary part of the exact impedance makes a significant difference, so the phase angle (not shown here) is far from being zero as the validity of the approximate impedance would demand. Anyway, we may obviously conclude that the layered earth structure in Japan provides an explanation for the observed correlation of GIC with the magnetic variation field. Thus, arguments related to the deep oceans and to the resulting coast effect in Japan are probably not needed.
Concluding Remarks
The surface impedance expresses the relation between the horizontal geoelectric and geomagnetic variation fields at the earth's surface. It depends on the conductivity structure of the earth. Usually, as also in this paper, the surface impedance is considered in the frequency domain. Investigations of the dependence of the surface impedance on the frequency elucidate the relation between the electric and magnetic fields in the time domain as well. In particular, if the surface impedance is independent of the frequency the electric field has exactly the same time variation as the magnetic field, and if the surface impedance has a linear dependence on the frequency the electric field follows the time derivative of the magnetic field. Observational evidence exists that in some cases the time behaviour of the geoelectric field resembles that of the geomagnetic field, and in other cases the time variations of the geoelectric field and of the time derivative of the geomagnetic field are similar. In this paper, we attack the issue in a quantitative manner by considering a two-layer earth model, which enables an analytic formula for the surface impedance.
We demonstrate that if the earth is composed of a lessconducting upper layer above a highly-conducting bottom the geoelectric field tends to follow the geomagnetic time derivative whereas a poorly-conducting bottom underlying a thin good conductor at the top of the earth results in a geoelectric field varying similarly to the geomagnetic field.
The geoelectric field drives geomagnetically induced currents (GIC) in ground-based technological networks. This process has a dc character, which means that GIC follow the time behaviour of the electric field. Thus the conclusions about the relation between the geoelectric and geomagnetic fields are directly applicable to GIC and the magnetic field.
